Cook JS, Sauder CL, Ray CA. Melatonin differentially affects vascular blood flow in humans. Am J Physiol Heart Circ Physiol 300: H670 -H674, 2011. First published December 10, 2010; doi:10.1152/ajpheart.00710.2010.-Melatonin is synthesized and released into the circulation by the pineal gland in a circadian rhythm. Melatonin has been demonstrated to differentially alter blood flow to assorted vascular beds by the activation of different melatonin receptors in animal models. The purpose of the present study was to determine the effect of melatonin on blood flow to various vascular beds in humans. Renal (Doppler ultrasound), forearm (venous occlusion plethysmography), and cerebral blood flow (transcranial Doppler), arterial blood pressure, and heart rate were measured in 10 healthy subjects (29 Ϯ 1 yr; 5 men and 5 women) in the supine position for 3 min. The protocol began 45 min after the ingestion of either melatonin (3 mg) or placebo (sucrose). Subjects returned at least 2 days later at the same time of day to repeat the trial after ingesting the other substance. Melatonin did not alter heart rate and mean arterial pressure. Renal blood flow velocity (RBFV) and renal vascular conductance (RVC) were lower during the melatonin trial compared with placebo (RBFV, 40.5 Ϯ 2.9 vs. 45.4 Ϯ 1.5 cm/s; and RVC, 0.47 Ϯ 0.02 vs. 0.54 Ϯ 0.01 cm·s Ϫ1 ·mmHg Ϫ1 , respectively). In contrast, forearm blood flow (FBF) and forearm vascular conductance (FVC) were greater with melatonin compared with placebo (FBF, 2.4 Ϯ 0.2 vs. 1.9 Ϯ 0.1 ml·100 ml Ϫ1 ·min Ϫ1 ; and FVC, 0.029 Ϯ 0.003 vs. 0.023 Ϯ 0.002 arbitrary units, respectively). Melatonin did not alter cerebral blood flow measurements compared with placebo. Additionally, phentolamine (5-mg bolus) after melatonin reversed the decrease in RVC, suggesting that melatonin increases sympathetic outflow to the kidney to mediate renal vasoconstriction. In summary, exogenous melatonin differentially alters vascular blood flow in humans. These data suggest the complex nature of melatonin on the vasculature in humans.
conductance; renal; limb; cerebral; supplement MELATONIN IS SYNTHESIZED and released into the circulation by the pineal gland in a circadian rhythm. The rise in melatonin at night has been demonstrated to promote sleep and decrease body temperature (5) . As an over-the-counter supplement, melatonin is commonly ingested as a sleep aid and to overcome jet lag in the general population (5) . Melatonin predominantly acts through two membrane-bound receptors (MT 1 and MT 2 ). In the vasculature, opposite effects have been demonstrated for the two receptors; the activation of MT 1 and MT 2 receptors elicits vasoconstriction and vasodilation, respectively (8) . In the rat, melatonin has been demonstrated to constrict the coronary artery (24) and decrease in vivo cerebral blood flow (7) while dilating the pulmonary artery (24) . When ingested as a supplement in humans, melatonin enhances the cutaneous vasodilating response during heating (1) and blunts the cutaneous vasoconstrictor response during cooling (2) . The different vascular effects observed with melatonin are attributed to the relative distribution of MT 1 and MT 2 receptors. The relative expression levels of MT 1 and MT 2 receptors in human tissues are unknown. To date, very little information exists regarding the impact that melatonin has on blood flow in different vascular beds in humans. This information is important because over 15.5 million Americans have been reported to use melatonin as a supplement (4) . Therefore, the purpose of the present study was to determine the effect of melatonin on renal, forearm, and cerebral blood flow in humans. Because melatonin has been demonstrated to elicit differential vascular responses in animals, we hypothesized that increases in melatonin would elicit differential effects on the vasculature.
METHODS

Subjects
For the main study (study 1), 10 healthy subjects (5 men and 5 women; age, 29 Ϯ 1 yr; height, 169 Ϯ 3 cm; and weight, 62 Ϯ 4 kg) were tested in the experimental group. An additional group of seven healthy subjects (2 men and 5 women; age, 29 Ϯ 1 yr; height, 165 Ϯ 4 cm; and weight, 59 Ϯ 4 kg) were tested as time controls to determine the reproducibility of the measurements. Five healthy subjects (3 men and 2 women; age, 28 Ϯ 2 yr; height, 177 Ϯ 5 cm; and weight, 76 Ϯ 8 kg) were tested separately in a follow-up study (study 2).
All subjects were normotensive, nonsmokers, nonobese, and not taking any medications that would interfere with the measurements. All subjects received a physical examination before participation. Written informed consent was obtained from all subjects after a verbal explanation of the experimental protocol. The Institutional Review Board of The Pennsylvania State University College of Medicine approved this study.
Experimental Protocol Study 1. Each subject randomly ingested a tablet in a double-blind manner containing either melatonin (3 mg) or sucrose (placebo). The subjects waited 45 min after ingestion before the experimental protocol began. The subjects returned no sooner than 2 days later at the same time of day to repeat the other trial. Renal, forearm, and cerebral blood flow; heart rate; and mean arterial blood pressure (MAP) were measured continuously while supine for 3 min. Time-control subjects performed the same protocol but ingested sucrose for both trials.
Study 2. To elucidate the mechanism of altered renal blood flow observed in study 1, five subjects were administered an ␣-adrenergic receptor antagonist (phentolamine, 5 mg) 45 min after ingestion of melatonin. Measurements of renal blood flow velocity (RBFV), heart rate, and MAP were taken in the supine position before and after melatonin (3 mg) ingestion and then following an intravenous bolus of phentolamine. These measurements were repeated at 10, 15, and 20 min post-phentolamine.
Measurements Heart rate and arterial blood pressure were continuously recorded during all trials using a Finometer (FMS, Amsterdam, The Netherlands). Before each trial, brachial artery blood pressure was measured by an automated sphygmomanometer (Dinamap, General Electric, Waukesha, WI).
Venous occlusion plethysmography was used to measure forearm blood flow. A Hokanson EC-4 system (Bellevue, WA) with mercuryin-silastic strain gauges was used. A strain gauge was positioned around the maximal circumference of the left forearm. A wrist cuff was inflated to 220 mmHg to arrest circulation to the hand. Forearm blood flow was recorded every 15 s during the trials. During blood flow measurements, a venous collecting cuff was inflated proximal to the elbow to a pressure of 50 mmHg. Forearm vascular conductance (FVC) was calculated by dividing forearm blood flow by MAP.
Doppler ultrasound (HDI 5000, ATL Ultrasound, Bothell, WA) was used to measure RBFV. The renal artery was scanned by the anterior abdominal approach with a curved-array transducer (2-5 MHz) with a 2.5-MHz pulsed Doppler frequency. The probe insonation angle to the artery was Յ60°. The focal zone was set at the depth of the artery. The transducer was held in the same place to record velocity tracings during each trial, and the data were obtained in the same phase of the respiratory cycle. Continuous measurements of RBFV were taken during each trial. Renal vascular conductance (RVC) was calculated by dividing RBFV by MAP.
Transcranial Doppler was used to measure cerebral blood flow. A 500 M Transcranial Doppler System (Multigon Industries, Yonkers, NY) with a 2-MHz pulsed-wave probe was used. The probe was centered over the middle cerebral artery using the transtemporal position. Cerebral blood flow was expressed as mean blood velocity (in cm/s). Cerebrovascular conductance was calculated by dividing mean blood velocity by MAP.
Data Analysis Statistical analyses of the data for study 1 were performed by paired t-test. Data from study 2 were analyzed using a one-way ANOVA (baseline, melatonin, and phentolamine). Simple effects tests were performed to compare time points if the one-way ANOVA was significant. Significance was set at P Ͻ 0.05. All data are presented as means Ϯ SE.
RESULTS
Study 1
MAP and heart rate were not different between the two trials ( Table 1) . Vascular blood flow responses after placebo and melatonin ingestion are presented in Fig. 1 . RBFV and RVC were significantly decreased by melatonin compared with placebo (⌬ Ϫ4.9 Ϯ 2.2 cm/s and ⌬ Ϫ0.06 Ϯ 0.02 cm·s Ϫ1 ·mmHg Ϫ1 , respectively). Forearm blood flow and FVC were significantly increased by melatonin compared with placebo (⌬ 0.4 Ϯ 0.2 ml·100 ml Ϫ1 ·min Ϫ1 and ⌬ 0.006 Ϯ 0.002 arbitrary units, respectively). Cerebral blood flow and cerebrovascular conductance were not significantly different between placebo and melatonin trials (⌬ 0 Ϯ 4 cm/s and ⌬ 0 Ϯ 0.04 cm·s Ϫ1 ·mmHg Ϫ1 , respectively). Time control. Heart rate and MAP were not different between time control trials (heart rate, 70 Ϯ 4 vs. 68 Ϯ 3 beats/min; and MAP, 87 Ϯ 2 vs. 86 Ϯ 2 mmHg). Renal, forearm, and cerebral blood flows and vascular conductances were not different between time control trials. The differences between trials for renal, forearm, and cerebral conductance were as follows: RVC, ⌬ Ϫ0.03 Ϯ 0.06 cm·s Ϫ1 ·mmHg Ϫ1 ; 
Study 2
Heart rate and MAP were not different from baseline after melatonin ingestion (Table 2 ). Heart rate increased (⌬11 Ϯ 7 beats/min) and MAP decreased (⌬ Ϫ3 Ϯ 1 mmHg) significantly from baseline during the first minute of phentolamine infusion (P Ͻ 0.001) but returned to baseline levels ϳ3 min later. RBFV and RVC decreased significantly after melatonin ingestion as observed in study 1 (48.5 Ϯ 3.2 to 43.5 Ϯ 3.3 cm/s and 0.57 Ϯ 0.04 to 0.52 Ϯ 0.04 cm·s Ϫ1 ·mmHg Ϫ1 , respectively; P Ͻ 0.002; Fig. 2 ). Phentolamine significantly increased RBFV and RVC to values observed at baseline before melatonin ingestion (P Ͻ 0.002; Fig. 2 ). Ten minutes after phentolamine, RBFV and RVC returned to values observed after melatonin ingestion and were maintained throughout the remainder of the study.
DISCUSSION
The novel finding of the present study was that melatonin differentially alters blood flow in vascular beds in humans. Renal blood flow was significantly decreased and forearm blood flow was significantly increased after melatonin ingestion, whereas cerebral blood flow was not altered after melatonin ingestion. The reduction in renal blood flow was reversed by an ␣-adrenergic antagonist, indicating that melatonin augments renal sympathetic outflow to the kidney.
Previous research in animal models indicates that melatonin may have a differential effect on the vasculature. In the rat, melatonin has been demonstrated to vasoconstrict the tail and cerebral arteries (7-9, 12, 22) . Additionally, vasoconstrictive responses have been observed with melatonin in porcine coronary arteries (24) . In contrast, melatonin-mediated vasodilator responses have been reported in rat and rabbit aorta, iliac, and renal arteries (16 -19) . The current study is the first to demonstrate that melantonin differentially affects blood flow in multiple vascular beds in humans.
Mechanisms for melatonin's action on the vasculature have been demonstrated to include direct melatonin receptor activation (12, 24) and through intercellular pathways (17, 20, 23) . Melatonin binding to MT 1 receptors on the vascular smooth muscle cells has been demonstrated to cause vasoconstriction by potentiating norepinephrine signaling (8, 11, 12, (22) (23) (24) . Through a series of experiments using 4-phenyl-2-acetamidotetraline, a MT 2 selective antagonist, on rat caudal arteries, Doolen et al. (8) (20) . Together, these data suggest that melatonin alters vascular blood flow through a combination of mechanisms.
[ 125 I]-labeled melatonin binding is commonly used to determine the presence of melatonin receptors in various vascular beds (13, 23) . In the rat, specific [
125 I]-labeled melatonin binding was not observed in the renal artery, suggesting the melatonin receptors are not located in the renal artery (23) . Therefore, the decrease in RVC observed in the present study could be from two possible sources. First, there may be species-related differences in melatonin receptor distribution with MT 1 receptors located in human renal arteries but not in rat renal arteries. Second, exogenous melatonin could stimulate neural centers of the brain that increase renal sympathetic nerve activity. Exogenous melatonin has been demonstrated to increase adrenal nerve activity via the suprachiasmatic nucleus in the rat (14) . Therefore, melatonin may alter renal sympathetic nerve activity via a similar mechanism in humans. To address this possibility that melatonin-induced reductions in renal blood flow are related to increased renal sympathetic outflow, we measured RBFV after phentolamine, an ␣-adrenergic receptor antagonist. We observed that following phentolamine, the observed increase in renal vasoconstriction induced by melatonin was eliminated. This finding indicates that melatonin augmented sympathetic outflow to the kidney and therefore is the likely mechanism for this observed response.
Forearm blood flow increased with melatonin in the present study. Previous research by Aoki et al. (1, 2 ) demonstrated melatonin's cutaneous vasodilator response in the forearm. Additionally, an increase in peripheral blood flow by intravenous melatonin was observed with a distal to proximal skin temperature gradient and finger pulse volume (21). Because MT 1 receptor activation causes vasoconstriction and MT 2 receptor activation causes vasodilation (8) , these data suggest that there are more MT 2 receptors expressed in the forearm than MT 1 receptors. Unfortunately, specific receptor blockers in humans are not currently available, which would specifically delineate MT 1 versus MT 2 changes in vascular blood flow.
Previous research demonstrated that melatonin decreases regional cerebral blood flow in the rat (7). However, we did not observe a change in middle cerebral artery blood flow with melatonin ingestion in the present study as measured by transcranial Doppler. Additionally, van der Helm-van Mil et al. (21) did not observe a change in basilar artery blood flow as measured by magnetic resonance imaging with a single bolus of intravenous melatonin in humans. If melatonin alters regional cerebral blood flow in humans, our data in combination with previous results suggest that melatonin alters blood flow in other cerebral arteries involved in brain perfusion in humans.
In contrast to previous research (3, 6) , blood pressure did not change in the present study after ingesting melatonin. Arangino and colleagues (3, 6) used 1 mg of melatonin to decrease MAP in men and women. However, in the current study, 3 mg of melatonin were ingested. Previous research from our laboratory suggests that 3 mg of melatonin do not alter blood pressure (15) . Therefore, the effect of exogenous melatonin on blood pressure appears to be dose related. Research in animals confirms a dose response to melatonin concentration in relation to vascular changes (8, 20) , adrenal nerve activity (14) , and hormonal secretion responses (10) . These data suggest that melatonin functions differently within the body depending on the ingested dose and might explain the different observed responses in blood pressure with acute melatonin supplementation (3, 6, 15) .
Plasma melatonin levels were not measured in the present study. Previous research from our laboratory demonstrates unequivocally that ingesting 3 mg of melatonin increases plasma melatonin Ͼ100-fold than endogenous daytime plasma melatonin levels and that the time course to reach near maximal plasma melatonin levels in young, healthy subjects is ϳ45 min (15) . Because young, healthy subjects were also used for the present study, a deviation from our laboratory's previous observations of plasma melatonin levels is not expected.
In summary, melatonin differentially alters vascular blood flow in humans. The different vascular effects observed with melatonin are attributed to the relative distribution of MT 1 and MT 2 receptors. Additionally, the reduction in renal blood flow observed after melatonin was reversed by phentolamine, indicating that melatonin increases renal sympathetic outflow. These findings add to the knowledge of melatonin's effect on the vasculature in humans and are important for understanding the effects of melatonin on blood pressure regulation in humans.
